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By John B. Wheatley and Carlton Bioletti
SUMMARY

An analysis is made of. the auntogiro Jjump take-off, in
which the kinetic energy of the rotor turning at excess
speed is used to effect a vertical take-off. By the use of
sultable approximations, the differentiasl eguation of mo-
tion of the rotor during this maneuver is reduced to a
form that can be solved. Only the vertical Jjump was stud-
ied; the effect of a forward motion during the Jjump is
discussed briefly. The results of model tests of the Jjump
take~off have been incorporated in the paper and used to
establish the relative accuracy of the resulits predicted
from the analysis. Good agreement between calculation. and
experiment was obtained by maklng justifiadble allowances.

INTRODUCTION

One of the recent developments of the autogiro is the
maneuver variously described as the "Jump take-off," "di-
rect take~off," and "jump-off." This maneuver, hereafter
referred to as the "Jjump take-off," is a take~off with a
flight path 1initially vertical, effected by the release of
excess kinetic energy stored in the rotor. The energy is
stored by driving the rotor at a speed greater than its
normal speed in flight, and during this process the pifch
of the rotor blades is reduced to zero. The driving mech-
anism is disconnected when the desired speed has been at-
tained, the rotor piteh is suddenly increased to either
its normal value or a bhigher one, and the consequent
thrust, which 1s greater than the weight of the machine,
1ifts it vertically from the ground. During the jump, the
rotor decelerates, and the propeller must be operdted at
full throttle so that the forward speed of the machine
will be at least equal to its minimum speed in level
flight by the time that the rotor spced drops to 1ts nor-
mal value. At thig same time, if a rotor pitch greater
than normal has been employed for the jump, this high
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pitch must be reduced to normal., The machine now contin-
ues flight from the top of the jump as if a conventional
take~off had just been completed.

The jump take~off promises two important advantages:

first, take-off becomes independent of the type of ground '

available insofar as mud, roughness, or high grass is con-
cerned; and second, the machine is enabled to clear much
higher obstacles 1n a given distance and thus can operate
from more restricted fields.

The possibilities of the jump take~off have been es-
tablished by some full-scale experiments. It 1s the pur-
pogse of this paper to study the factors that govern the
Jump take~off in its simplest form and to present the re~-
gults of model tests in which the effect of differences in
the rotor parameters was determined.

ANALYSIS

In order to simplify the analysis, it will be assumed.

that during the jump the forward velocity of the machine
is zero. The Justifications of such an assumption are:
firat, that the height of Jump so obtained will represent
a lower limit to the heights attained in practice where
forward veloclitiesa of varying magnitudes will reduce the
induced power losgses in the rotor; and second, the actual
magnitudes of the forward velocities attained will vary
with wind velocity, thrust-weight ratio, and plloting
technique and consequently cannet be generalized even for
g single get of valuos of the rotor parameters.

The thrust T of a rotor at a tip-speed ratio of
zoro is, from refersnce 1,

= L, 0% ¢ gt {1 2 , 1 3 41 4}'
T=5pQ TR cajisAB +3903 +46—1B (1)

where p, air density, slug/cu. ft.
2, rotor angular velocity, rad./sec.
R, rotor radius, ft.

A axial~flow coefficient,

14
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8o, rotor pitch angle at hub, radians.

8,, difference bétween rotor pitch angles at hud
and at tip, radians. '

B, factor multiplying radius to allow for tip
losses. .

o, rotor solidity, for rectangular blades equal
to number of blades D times blade chord ¢

. — bec
@ivided by mR; O ar’
a, slope of 1ift curve of rotor blade airfoil sec-

tion in radian measure. -

Similarly, the rotor torque Q 1is

q=§—pnan35cra{%-;\2 2+ Lae, 3%+ ine 3 - &

: (2)
where & 1is the mean rotor blade proflle—drag coefficlent.
. T
Ins ection shows that, if Cp = ——pg5——— and C, =
D s o Qe m B Q
—__Q _—, : : R
0o O m R® L S e
The axial flow AN Q R 1is expressed as follows:
AQR== v ~-n"h . (4)

where Vv, rotor induced velocity, ft./sec.

h, vrotor wvertical wvelocilty, ft./sec.

From the momentum theory, as in reference 1, when ithe tip~
speed ratio is zero,

4 Cn O R T
v = T 222y
2p ™ R T +A/%? '
where V! = resu}tant velocity of rotor, ft. /sec., and is
equal to - v - h = A Q R. Equation (5) is wrltten in such

a way as to show that the induced velocity ¥ Ts independ-
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ent of the sign of- Aj; but since A 18 mlways negative
during the Jjunmp,

% O h _ S n

A N v 3 (8)

Substitute for Cp from (1); then

)

1 2 1 1 4
2L & - o - =0 (7
A%+ A ( 5 0eaB ) 150 a 6 B TR {7
1 1 h /1 a _ 1 BY
ead A= g5 os “zm ~{de %% - 3ax)
1 3 1 4 ¥ Y
t 5 0a 6B + S oa 0, B } (8)

The equations for A, Cp, and Cq now make possible the

Justification of a necessary approximation. On figures
1l and 2 are sgshown the variastion of Gq with the verticsal

velocity ratio h/OR for a series of values of 8o, with
8; always zero. The computation was made for o = 0.05
on figure 1 and for o = =.10 on figure 2., It is pro-
posed that Cg be assumed independent of h/QR; this ap-

proximation is seen to be reasonable on figure 1 for the
lower values of h/QR at all pitches less than 16%; the
error introduced by the approximation is greater 1n figure
2 where the solidity is 0,10 but is still reasonably emall
for the lower values of h/QR. Experimental Jjustification
for this assumption will subsequently be presented.

% ls assumed constant duriang the jump, it be~
comes goss ble to obtain the instantaneous angular veloci-
ty of the rotor as a function of known constants. Then

IQ=qg=p0° w i Cq (9)
where {2, angular acceleration, rad./sec.a
I, mass moment of inertia of rotor about axis of ro-~

tetion, slug-ft.2
t, time, soc.

Segregating variables and integrating

t”

fib»
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Letting the time DPe zero at the beginning of the jump, and
designating the initial rotor angular velocity as 9

¢, = - 5= (11)

o]

and Q = 5 (12)
1“’-11-5—9 G t |
SR Q

Now let the totel weight to be lifted by the rotor be W;
then '

h=1-W T (13)

m |

where h is the vertical acceleration of rotor, ft./sec.a.
The thrust T is given in (1) as a function of Q, A,

and the physical constants of the rotor. However, A is
a function of h and £, as seen in (8), so eguation (8)

will now be examined. The radical in (8) can be expanded
by the binomial theorem; then

1 a_1 h 1 1 4
= = -2 2 = g B + L 8, B
A 1 0@ B ) { a 6,4 18 o a 6 }
- o2
1 2 2 _4 1 2 h 1 h -
-+~ ¢g"a B - + gcaB® 24+ L B _
512 32 a 8 Q
. 8 : - 2 B o+ ... Qa
4
{ cea 8 B + ig o2 8, B }
In figures 3 and 4 are presented values of A as functions
of h/QR for several values of the pifch angle 8y; the

calculation was based on a solidlty of 0.05 in figure 3

and on a solidity of 0.10 in figure 4. Two methods of cal-
culating M were employed. TFirst, A was calculated di-
rectly from (8) and, second, the first three terms of equa-
tion (14) were used. The sgreement between the exact ex—
pression and the approximation is considered satisfactory
for values of h/QR less than 0.0%7; it will later be
shown that the discrepancy is of such a character as to
perhaps be desirable. It will consequently be assumed
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that the first three terms of (1l4) constitute a satisfac-
tory expression for A,

Substitute for AN from (14) in (1); the rotor. thrust
T Dbecomes ’

_ 1 P 1 gt Llg2 B 1 gagl s, 1
T—-—-é—ﬁﬂg’ﬂ‘R O’a,{zB oaB 43 o5~ 3 B (12 o’aGOZB 15 0'8.913?

1 3 1 4
+ 1 g3 +Lo,s } | (15)
The final substitution required is that for 2 from
(12); then
2 .4
1 %
P = * Dﬂo TR ga — caB® - %’— Ba(—l— caB’ 8o + == E o*a:B‘B,_\
’

32 i2 16
ﬂR
(1"' _'"I"_"" Qo Qt)

8 on‘rrR car®

b-‘.

(16)

5 "”“T (1 EEE_ 0, Cot)
' ToI 07Q

This expression can be abbreviated by designating the ini-
tial value of the thrust coefficient as cTo’ which is

loa [ ot oL g® (1 2 anp
0p_ =3 oa {32 caB* -3 3° (i 08B’ +74 02, B
1 ® 4 L g, 7
+ = €,B° + ) 1B } (17)
Then T Ybecomes
=] 4% 3 2
T o p&p TR Cp, _ % onnRscaB 3 (18)
pﬂR pTR
(1_."-.__I Q e t) (1 - T roqt)

The expression for T in (18) may now be substituted in
(13), giving .

2_.4
E _ § _ pQO TR CTO ) o ];'
w pTIR - 8 ( pTIR®

(1 - =5 CbCQt) 1 - == Qo0qt)

pCbﬂRéoaBa_

=308



. _1zs 3 2
Let | X, = 5 ﬁ-p Q, mR° o a B (20)
] .
p TR : L
Ka = - =3— 0, Cq (21)
- B 2 _
Rs = 5 p 0y TR CTO*:I%% (22) _
Then = S :
. X . X B .
h + ____i_f.h = ——~—~i——-g - g : (23)
1 + Kot (1 + Kat)

This exprgssion 1is seen to be a linear differemtial equa-
tiom in h which can be integrated quite simply. Refer-
ence to a text on differential equations establishes that
the solution of (23) is

Kl Xy K,

Ks__. Cm f- -1 e K__+1
- F=3 - g
h (1+Kat) Kl"Ka (1+K5t) ET¥ES (1+Ea %) +GC,
(24)
By transposition
. X +Ezt . ¢
b= Ks e IMEebt) . G (25)
(K1~Ez) (1+Kat) K1+Ks2 : KL
' ' (1+Kot)Ka

The constant €1 is evaluated by substituting the values
h=0 at t = 0; then

g (E1-Kz2) ~ Kz (X;+EKjz)
Gl = =T 5 : - (26)
(Ki - Ka )

“

Consequently
. Ez _ g(1+Kat) . B (K;_-Ka) ~K3 (K31+Ka) (27)
(K,-Xz) (1+Ko%) K, +Kg ' Y’l -

(X, -%a ) (1+z__a_t_)_

Bquation (27) thus expresses the vertical velocity &
during the rise in %terms of the time t and the known
constants of the rotor X3, Xz, &nd Ez. By direct differ-
entiation and integration of (27), the net vertical accel-
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eration h and the height h can be obtained. Then

a _ ~X Kg gKp &K;(Kxfxglfﬁlxs(ﬁl+§8)
- .- - eha(E 2L (2e)
(K1-Kz) (1+E5%) K1+Xy 14+ =X
C(R,%-x.%) (1+E,t) Fe
And
Es i E(t+%'KatB)
h = f-z-z-ﬁ-;:ffa—y log (1+L.at) - K +Kg
g(E1-Ka)-Kz(K,+Kz) . + C, (29)
1

(K:-Ke) (K -Ka®) (1+E,4)F8
The constant ‘0z 1s evaluated as before by setting h = 0
when t = 0;
_ & (K3-Kg) = Ez (Ei+EKsz)

Cs (30)
(K,~-E) (X,°-X3°).
The resultant expression for h 1is o |
2
K . e(t+ % Eat")
h = ——————= log (1+EKat) - =
ILB(I.'-]_'_"-E & 2 ) Kl"l'.l»a
g(E,~Kg)~Ez(K1+Ea) : + g(X1-Fa)-Ks (Z1+Ee) (
£y 3 (%2 -Xz) (E,° -K22)

(K1~Ka)(K12-Kaa)(1+Kat)K3

Equations (27}, (28), and (31) constitute the complete
sclution of the equations of motion of the autogiro during
a Jjump take~off. The known factors required for the solu-
tion are the physical characteristics of the rotor, com-
prising the radius R, the solidity o0, the lift-curve
slope a, the gross weight W, ' the moment of inertia I,
the pitch angle 6,, and the inltisl speed (G5. TFrom
these items the constante X, Ka, and K3 are derived,
and the #céBleration, vertical velocity, and vertical dis-
placement can then be determined.

The physical significance of the constants X,, K3,
and Kz (equations (20), (21), and (22)) may assist in
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obtaining a clear understanding of the analysis. The con-
stant K; represents the amount by which a vertical veloc-

ity h of 1 ft./sec. would reduce the ratio of rotor
thrust to the mass being 1ifted at the beginning of the
Jump take~off., This factor occurs in the differential
squation of motion divided by (1 + Kat), where EKg is a

factor determining the rotor speed as a function of time
(see equation (12)). The constant 'Kz is quite simply _
equal to the ratio of the initial thrust to weight’, multi-
plied by g, the acceleration of graviity. It is conse-
quently apperent that K must always exceeq g in order
that a jump be obtained. In addition, The smaller K,

and Xy are for a given value of X5, the greater will

be the Jjump; and the greater Xz 1is with X; and Xz ==
fixed, the greater will be the jump.

The alteration in the jump take-off that will be ef-
fected by a forward velocity during the Jjump will be al-
‘most entirely caused by the change in A and consequent—
ly in the induced losses in the rotor arising from a value

- . S o
0f W = —-%%%JE different from zgrg."_The expréssion for

A becomes, when | 1is not zero,

\ = ::é_gg_—~ - EL - (32)

JE e

and Cp and CQ both become dependent upon | to some

extent. If | never increases above 0.1, and the minimum
speed in level flight usually corresponds to less than that
vealue, the change in the expressions for OCp and O, <&anm’

be neglscted as a first approximation, and the soiutlion of
the equation of motion can be obtained step by step By con-
sidering only A to be a function of . Eguation (32)
shows that A increases algebraically as | 1increases,
which means that Cp will be greater and CQ a smaller
negative value under that condition. It is consequently
obvious that an increase in | will increase the thrust’
and decrease the simultaneous loss of kinetic energy in
the rotor, resulting in a greater jump. The step-by-step
solution of the jump take-off with forward velocity has
not been made, becausge the wvalue of the results to be ob-
tained was consldered incommensurate with the labor re-
guired. It is of interest that the time regquired for an
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exlstlng autogiro to attain a forward speed of 25 miles
per hour during a Jjump take-off is of the order of 2 sec~
onds; this represents the minimum time that should eolapse
before the vertical veloclty reachos zero at the cond of
the jump take—-off for this particular machine,

EXPERIMENTAL INVESTIGATION

Apparatus and Tests

The model rotor used in the Jjump take~off toste had
the following physical characteristics:

Radius 5 ft,
Blade chord 0.523 f%.
Solidity . 0.10

Moment of inertia (total)  3.23 slug-ft.2
Airfoil gection N.A.C.A. 0018

The pitch of the rotor blades was adjustable on the ground
but was fixed at a constant value while the rotor was being
brought up to speed and jumped. '

The tests were conducted in the rsturn passage of the
full~scale wind tunnel, which provided an- enclosed spacse
about 50 feet by 200 feet, 70 feet high. The apparatus
used in the tests is shown diagraemmatically in figure 5.
The model rotor A supported the ballast B; the rotor
was driven by a 2b~horsepower electric motor € through a
pair of bevel gears inside the box D. A means was pro-
vided for restraining the rotor from rising until a catch
was released by remote manuwal control. Cables B weroc
attached to the rotor and rose with it as it Jjumpod; tho
cables passed over pulleys near the roof and were wound
upon the drum F, which was actuated by the counterwelght
Ge The diameters of the drum P and the pulley to which
the counterwelght was attached were In the ratio of 10:1,
go that neglecting friction the cable tension would be 0,1
times the welght of the counterweizsht. The drum F was
restrained from rotation by a ratchet except in such a di-
rection as to wind up the cables E; this device prevent-
ed the model from falling after thec completion of a Jump.
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A time history of the height of Jump was obtained by
attaching a cord to the bottom of the model and recording
the displacement of the cord, through a reduction mechan-
ism, on an N.A.C.A. control-position recorder fastensd to
the frame that served as a base for the motor and driving
mechanism. The rotor speed during a jump was measured by
photographing the rotor with a  motion-picture camera
placed beneath the rotor with its lens axls vertical; time
was recorded on easch frame by photographing simultanocously
a sWweep hand rotating at one revolution per seocond. The
resultant time history of rotor revolutions yielded the
rotor speed and angular acceleration by two successive
graphical differentlations. A typical camera record is
shown in figure 6. Initial roitor speeds werse, in addition,.
observed on an electric tachometer connected to o magneto
driven by the shaft which in turn rotated the model,

The tests made were of such a scope as to provide in-
formation on the effect of pitch angle, initial rotor
speed, and disk loading upon the height of jJump. Since it
was necessary to maintain a small tension in the cables B
(fig., 4), tests were also made at fixed values of the three
primary variables but with varying amounts of cable ten-
slon, provided by changing the weight of the counterweight
Ge Tests were made with pitch angles of from 6° to 189,
with disk loadings of from 0.46 to 1.86 pounds per square
foot, and with initial rotor gspeeds of from 450 to 725
repelse The initial rotor speed was limited in someée casss ™
at large pitch angles bscause the motor power was insuffi-
cient to increase the gpeed further; in other cases, the
limiting rotor speed was that at which the height of Jjump
reached 20 feet to 25 feet, which was consgidered as high
as was desirable,.

Results - _..

The results of the model tests are presented in tables
I and II showing the maximum hoight attained by the rotor
as a function of the pitch angle, disk loading, initial
rotor speed, and cable tengion; the cable tension T, as
tabulated is equal to 0.1 times the counterweight. Table I
includes all data taken without measuring the rotor speed
with the motion-picture camera; the data in table II were
obtained while the camera was being used.

The form into which the data were transformed is illus-
trated in figures 7 and 8, which show, resgpectively, the
curves of height ard rotor revolutions with their first
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and second time derivatives. All differentiatlons were .
performed graphically.

The camera data are plotted in figurse ¢ in the form
of 1/0 against time, where .1/Q 1is chosen as the de-
pendent variable because the slope of the resultant curve
s a direct measure of the rotor torgue coefficient. Ta~
ble III presents a comparison of the measured and calcu~
lated values of ng

In order to check the analysis, calculations of sev-
eral Jjumps were made employing the constants of the model
rotor. Since the influence of the cable tension on the
jumps was uncertain, the calculatlons were made for sever-—
al model welghts equal to and less than the actnal model
welght as an approximation of the influence of the cable
tensican. The results of these calculations are presented
in figures 10, 11, 12, and 13.

Precision

The experimental curves of height against time were
obtained within limits of #0.2 foot at a given time. The
graphical differentiation of the resultant curve unfortu- ’
nately depends to a large extent upon the fairing of the
height curve, so that the vertical-velocity curves may Dbe
in error by as much as ¥1 foot per second. The records of
rotor displacement against—time could be read to within
+2° of _angular displacement; the angular-velocity curves,
because of graphical différéﬁtigtdon, are lessg accurate
and probadly are in error by as much as 10,5 revolution
per second, : .

Other sources of error in the experimental work are
almost negligible. The rotor pitch angle was adjusted to
within ¥0.1° at rest and, since the rotor blade section
was synmetrical and was balanced about the guarter-chord
point, the dynamic twist shouwld have been small. Any er-
ror in the remaining physical constants of the model can
be neglected,

DISCUSSION

The introduction of approximations into the solution
of the equations for the junap take-off requires considera-~
tion of the orrors introduced in order to estimate tho
validity of the final results. The two principal approxi- .
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mations used are that the torque coefficient CQ be inde-

pendent of the vertical velocity and that the axial-flow
coefficient A can be satisfactorily expressed by using
only the first term of the expanslon of the radical in
the exact expression. .

The data in figures 1 and 2 demonstrate that the as-
sumption of constant C is reasgonable for the smaller

values of h/QR; in addition, figure 9 verifies the as-

sumption experimentally for the case of ¢ = 0.10, since
the curves of 1/Q against time depart but a small amount
from straight lines. Flgures 1 and 2 demonstrate that the
greater the golidity, the greater will be the departure of
GQ from a constant value. Howsever, conside;ations other

than the Jump take-~off dictate that full-scale solldities
will approach C.05; for such soliditieg, the errors intro-
duced by the assumption of constant GQ appear to be nog-
ligible.

The approximation ta A in which all terms but the
first of the Pinomial expansion of the radical were neg-
lected, introducesan error demonstrated imn figures 3 and
4, It will be seen that the approximate A is always al-
gebraically greater than the exact A. This condltion is
not undesiradble, because the jump take-off will always be
made in proximity to the ground plane, and "ground-effect!
will reduce the rotor induced velocity and conseguently
change A in the same direction as the approxzimation.
~Unfortunately, the varlation of the induced velocity with

distance from the rotor has not been.established, so that
the actual magnitude of the ground effect cannot be esti-
mated; the effect is undoubtedly important while the rotor

is less than one diameter from the ground, and the result-

|
J

ant change in A is probably greater than the error in-
troduced by the approximation. It is thought that these
considerations Justify this approximation as well as the
first, and that the approximation to A introduces no
serious error in the analysis.

When applying the analysis, It is desiradble to calcu-
late the rotor speed from equation (12) as a function of
time and to use this as a check on the height of rise. If

|

;

\

-

the rotor speed drops to its normal value before the verti-

cal velocity 1is zero, the height at this time should be
regarded as the maximum attainable, rather than the height
at which the vertical velocity is zero with the rotor
speed below normal. This conclusion follows from the con~-

)
!

«

{

w
L
X

N



14 N.A.C.A. Technical Note No. 582

slideratlion that the transition to normal flight must not
te hampered by the necessity to increase the rotor speed,
since such a regquirement would probably result in a momen-
tary loss of helght.

The validity of the analysis 1s attested by figures
10, 1i, 12, and 13. The figures establish that the allow-
ance that should be made for the cable tension is consid-
erably less than the nomingl value of this variadble, which
is a reagsonable result considering the sffects of frictilon
and the acceleration of the cable arnd drum by the counter-
weight. Figures 10 and 11 show close agreement whon the
allowancoés for cable tension are 10 pounds and 15 pounds,
respoctively; the nominal veluvues of the tension were 12.5
pounds and 17.5 pounds. The general form of the height
and veloclity curves in both figures agrees quite closely:
with experiment. Figures 12 and 13 1llustrate the same
points as figures 10 and 11, except that a smaller allow-
ance for the same cable tension results in agreement; the
allowances indicated are approximately 3 pounds and 7
pounds for the 12.5-pound and 17,E~pound cable tension.
These values are rather gmall, and indicate that the anal-
y51s is not asg exact at a pitch angle of 18° as at one of

]0 . - aees - - e e s a - ———— w—w = e e o o r e e —

It will be noted in table III that the eiperimental

and calculated torque coefficlents differ by an appreciable

amounts The ratio of the calculated to the experimental
value is Dbetween 0.81 and 0.86; the difference between the
measured and calculated torgues at a pitch of 14° and a
rotor speed of—600 r.p.m. is 14 pound-feet. This value is8
congiderably greater ithan could be accounted for by bear-
ing friction, The fact that the torque coefficient is in
error at the same time that reasonable agreement is ob—
tained on tho height anpd velocity records indicates the
existence of a compensating error. It is comnsidered pos-
sible that the source of this compensating error is the
ground effect, which would tend to increase the thrust of
“the-rdtor when it was near the ground plane at no addi-
tional cost in torque. Another possibility is that the
rotor pitch angle increased glightly because of the dynam—~
ic twist—of the rotor blades; while thls twist should be
guite small, a twist of approximately 1% would explain
most of the discrepancies between the torgue coefficients
of tabdble III.

Becaunse of the limitations encountered during the .
model tests, it is unlikely that the experimental resiilts

- —r——
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obtained will be directly applicable in design. They have
gerved a useful purpose in attestiang the validity of the
mathematical analysis, which can be used with more confi-
dence than would have been justified without experimental
verification,

The principal uses of the analysis will be: ths pre-—
diction of the lower limits of the jump take-off for given
values of the physical constants of the rotor; the predic-
tion of the effect of changes in the rotor to obtain higher
Jumps; and the esgtablishment of the form of the height and
velocity curves for Jjumps at constant pitch angles.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautbtics,
Langley Fleld, Va., August 7, 1936,
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TABLE I1I
Pitch Disk Initial Cable Maximam
angle loading rotor speed (tension) height
W approxXe.
TRE
8., deg. | 1be/sq.ft. | Hy, Tep.m. To. 1b. Hppge Tte

10 1.386 700 17.5 9.2
10 1.36 650 17.5 6.3
10 1.36 600 17.5 2.6
10 l.66 700 17.5 4.5
10 1.66 700 17.5 4.2
14 1.36 650 17.5 14,6
14 1.36 600 17.5 9.9
14 1.36 599 17.5 9.5
14 1.36 549 17.5 5.0
14 1.36 550 17.5 5.2
14 . 1.68 647 17.5 7.0
14 1.66 599 17.5 4.0
14 1.66 600 17.5 5.0
14 1.66 600 17.5 4.8
14 1.66 650 17.5 7.9
18 1.06 500 17.5 11.0
i8 1.06 500 17.5 11,3
18 1.06 550 17.5 17.7
18 1.06 550 17.5 16.6
18 1.36 550 17.5 9.2
18 1.36 550 17.5 9.2
18 1.36 497 17.5 5.0
18 1.36 500 17.5 3.8
18 1.36 600 17.5 13.5
18 1.36 600 17.5 14.0
18 1.66 550 17.5 4.1
18 1.66 550 17.5 3.8
18 1.66 597 17.5 7.7
18 1.66 603 17.5 77
18 1.66 647 17.5 10.4
18 1.66 647 17.5 10.2
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TABLE III
Pitch angle dg%) Meas. Calc.
Q
“dt
sec./rad.
B deg. v Gq GQ
10 0.00525 -0.000726 ~0.000587 B
14 .00812 -.001122 -.000969
18 01273 -.001760 -.001460
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Vertical velocity ratio, E/QR
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Figure 1.~ Calculated torque coefficient Cq as a function of the
vertical velocity ratio ﬁ/QR for several pitch angles.
o = 0.05,
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Vertical velocity ratio, h/oR
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Figure 3.~ Calculated axial-flow coefficient Aas a function of the
vertical veloclty ratio_h/f_]R for sevesral pitch angles -
exact and approximate solutions. o = J.05.
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Figure 5.- Diagram of apparatne used in tests.
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Figure 6.~ Sample test record of rotor displacement,
speed, and acceleration against time.
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Pigure 7.- Typical height,vertical velocity,and vertical acceleration
work-up of test record.
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Figure 1.~ comparigon of measured and calculated height and vertical velocity against
time. W = 83.3 1b, 6 = 100, ¥ = 700 r.p.m., T,= 17.5 1b.
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Pigure 12.~ Comparison of measured and calculated height and vertical velocity
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